Objective: Association between acute ambient fine particulate matter (PM2.5, aerodynamic diameter ≤2.5 μm) and cardiovascular events is well documented. However, it remains unclear whether acute exposure to PM2.5 acts as a trigger for hemorrhagic (intracerebral or subarachnoid hemorrhage) or non-hemorrhagic (infarct or transient ischemic attack) stroke onset. We therefore examined the association between ambient PM2.5 and stroke onset, and whether this relationship differs by stroke subtype, age, sex, and race.
Globally, stroke is the second leading cause of death and long-term disability, 3 and it remains the fifth leading cause of death and fourth leading cause of long-term disability in the US. 10 Air pollution has a severe, negative impact on human health, and it has been identified as the most significant cause of premature death. 18, 21 With rapid industrialization and economic growth, air pollution has become a serious concern all over the world. 1, 18 According to the World Health Organization (WHO), 92% of the people in the world breathe unhealthy air, and 6.5 million people die annually from exposure. 18 Additionally, it has been hypothesized that exposure to elemental climate change increases the risk for onset of stroke and acts as a trigger for the event. [1] [2] [3] Previous studies have examined the association between the risk of cardiovascular events, including stroke, and exposure to air pollution. [4] [5] [6] [7] [8] Some of these studies have evaluated the effect of PM2.5 exposure on stroke risk; however, overall results are conflicting. 1-5, 15, 16 Changes from both warm to cold and from cold to warm temperatures, and from higher to lower and from lower to higher humidity, have all been associated with increased risk of stroke, 13 suggesting that change rather than the level of actual exposure may act as a trigger for stroke onset. Also, increased exposure to particulate matter has been reported as both associated and not associated with an increased risk of stroke. 5, 6 The American Heart Association (AHA) has reported evidence of causal relationships between PM2.5 exposure and cardiovascular disease that lead to increased morbidity and mortality. 4 Moreover, several studies have shown that the effects of PM2.5 on stroke are cumulative and that direct effects on stroke or other morbidities and mortality could be based on increases in heart rate and blood pressure. 6, 8, 10 We sought to examine the association in a time-sensitive manner between P a g e | 6 exposure to PM2.5, using state of the art exposure estimation, and validated stroke occurrence, using data from the Greater Cincinnati Northern Kentucky Stroke Study (GCNKSS).
Study population and design:

Stroke cases:
The GCNKSS is a population-based epidemiology study that evaluates incidence and prevalence of stroke approximately every 5 years: July 1993 to June 1994, and calendar years 1999, 2005, 2010 and 2015; data validation for 2015 is currently ongoing. We chose to examine the association betwen exposure to PM2.5 and stroke onset in 2010 as this was the most recent validated dataset.
The catchment area involves residents of 5 counties in the Greater Cincinnati region, two in Ohio and three in Kentucky. This area, which includes about 1.3 million people, is representative of the US population with respect to race (black/white) distribution and socioeconomic status.
Ascertainment methods have remained the same over the study periods and have been described in detail elsewhere. 24, 25 Briefly, we capture events that present to one of the area hospitals and are discharged with an ICD-9 stroke code. Although we also capture strokes ascertained in outpatient settings: coroners' offices, public health clinics, hospital-based clinics, family practice centers, nursing homes, and doctors' offices, for the current analysis we included only cases ascertained by in-hospital methodology. We further limited the analysis to those ≥20 years old (thus excluding pediatric cases), and we included only the first stroke in 2010 for each patient (so that each stroke patient is counted only once). The institutional review boards at all participating hospitals approved the GCNKSS study.
For the hospital-ascertained cases for 2010, study research nurses reviewed all emergency room and inpatient hospital records coded with discharge ICD9 codes 430-436 and abstracted P a g e | 7 demographics (including the residential address at the time of stroke onset), presenting symptoms, co-morbidities, laboratory results, and diagnostic and neuroimaging data. Each abstracted record was reviewed by one or more study physicians to determine whether the event met the definition of one of five stroke categories adapted from the Classification for Cerebrovascular Diseases III and epidemiological studies of stroke: cerebral ischemia (INF for "infarct"), intracerebral hemorrhage (ICH), subarachnoid hemorrhage (SAH), stroke of uncertain cause (UNK), or transient ischemic attack (TIA, symptoms lasting <24 hours). Residential locations of study cases at the time of each event were geocoded using our standalone and validated geocoder. 51 Only cases within the GCNKSS area that geocoded precisely enough to assign PM2.5 concentrations were retained for the current analysis.
PM 2.5 Exposure:
In this analysis, we selected control periods using time-stratified methodology 11, 14, 23 ,39, we defined two control periods, each beginning exactly one and two weeks prior to the stroke onset day. For analysis purposes, we considered the lagged effects of PM2.5 by estimating concentrations at the patient's residence for day 0 (stroke onset day), and days 1, 2, 3, 4 and 5 before the date of stroke onset. Similarly we estimated PM2.5 concentrations for days 0, 1, 2, 3, 4 and 5 of both control periods (beginning at 7 (control period 1, day 0) and 14 (control period 2, day 0) days before the date of stroke onset). These daily ambient concentrations of PM2.5 were estimated invoking a previously developed and validated spatiotemporal model. 19 Briefly, our PM2.5 model is based on satellite-derived measurements of aerosol optical depth (AOD), a measure of the scattering of electromagnetic radiation due to aerosols in the atmosphere. These measurements were calibrated using ground-based PM2.5 monitoring and meteorological and land use data based on the specific geocoded areas under study. Spatiotemporal datasets, harmonized to a 1 x 1 km grid, and random P a g e | 8
forests were used to train a model to predict PM2.5 concentrations. Our model demonstrated a leave-one-out cross-validated R 2 of 0.91. 19
Statistical analysis:
We used a time-stratified case-crossover design 11, 14 to investigate the association between shortterm PM2.5 exposure and stroke onset. Cases were ≥20 years of age at time of stroke, and stroke was classified as hemorrhagic stroke (ICH or SAH), or non-hemorrhagic (INF or TIA). Only the first stroke per individual within the calendar year 2010 was used for analysis. The days of interest for exposure to PM2.5 for both case and control periods were the start day (stroke onset day, or day 0 of the control periods) and the previous 5 days, as defined above. A 7 day "wash out" time between the start of the case and control periods was used in order to limit the potential for timevarying confounders, including season, temperature and humidity. 11, 13 We used conditional logistic regression models to estimate the odds of a stroke, given a 10μg/m increase in PM2.5 exposure, at zero to five days before day zero. The statistical models were adjusted by daily average temperature and relative humidity on the start day and the 5 previous days, to allow for the potential nonlinear confounding effects of weather conditions, 3 given that these meteorological variables are reported to be associated with the risk of stroke. 28 A natural cubic spline function of calendar time was used to adjust for seasonality, with the knots for each spline being selected separately based on the Akaike Information Criterion (AIC). Because prior research has found that fewer strokes occur on holidays (whether the day before the case day is a holiday or not), 27 holiday and prior day holiday (defined as a holiday on the day prior to the stroke onset day) was incorporated in the model using binary variables (coded as public holiday = 1 and P a g e | 9
no public holiday = 0) in order to control for the difference in the baseline hospital admission rates. 12, 26 The results are presented as adjusted odds ratio and 95% confidence interval (CI) for stroke onset per 10μg/m increase in PM2.5 concentration.
Temporal associations of PM2.5 were examined using different lag structures, where lag means days prior, from the case onset day (lag0) up to 5 lag days (lag5). Because a sole single-day lag estimate may underestimate the effect of PM2.5, we also evaluated cumulative effects using 2 days combined (lag 0-1), 3 days combined (lag 0-2), 4 days combined (lag 0-3), 5 days combined (lag 0-4) and 6 days combined (lag 0-5) to create a moving average of PM2.5 concentration. 10 In addition, we conducted a sensitivity analysis to examine the robustness of the results in terms of the exposure; this was achieved by changing the degrees of freedom in the smoothing function of time trend (described above using the natural cubic spline), by varying the number of knots used in the model for daily mean temperature and daily relative humidity.
We investigated the possibility of effect modification by stroke subtype (hemorrhagic versus nonhemorrhagic), age (<65, ≥ 65 years), 24 sex (male, female) and race (white, black) to identify any high-risk subgroups. A likelihood ratio test was conducted to test the significance of interaction terms with an alpha cut-point of 0.10. Results are presented as adjusted odds ratio (aOR) and associated 95% confidence interval.
Data management was conducted using SAS®, version 9.4 (SAS, Cary, NC). All statistical and geospatial computing was done in R, version 3.4.3, using the survival and spline packages.
Results:
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Of 3267 first stroke events between January 1 st, 2010 to December 31 st, 2010, 2872 (88%) had an ischemic stroke or TIA and 395 (12%) had a hemorrhage stroke. Of these patients, 1855 (56%) were female, and 750 (23%) were black. The overall mean (standard deviation), for the 5-county area, for daily PM2.5 concentration was 14.3 mg/m 3 (6.0), and the interquartile range (IQR) was 4.2 to 34.8. The mean (SD) air temperature was 12.5°(C) (11.3) and the mean (SD) relative humidity was 76.0 (kg/ m 2 /s) (11.1). Characteristics of stroke patients (GCNKSS, 2010) are presented in Table 1 .
Association of PM 2.5 and stroke:
We found a significant association between PM2.5 and stroke of any type at lag day 3, with aOR of 1.12 (1.03, 1.21) for each 10μg/m increase in PM2.5 exposure, adjusted for holiday, prior day holiday, and daily average temperature and relative humidity. For non-hemorrhagic stroke only, the associations were significant with aOR of 1.10 (1.01, 1.19) at lag day 2 and 1.12 (1.03, 1.22) at lag day 3. These associations were not seen for patients with hemorrhagic stroke ( Table 2) .
On examination of cumulative lag days, we found a significant association between PM2.5 and stroke of any type for cumulative lag days 0-2 with aOR of 1.15 (1.04, 1.28), increasing to aOR of 1.17 (1.03, 1.32) for cumulative lag days 0-5. Meanwhile, we found the same association for the same lag days for non-hemorrhagic stroke with aOR of 1.18 (1.06, 1.31) for cumulative lag days 0-2, increasing to aOR of 1.23 (1.08, 1.40) for cumulative lag days 0-5. There were no significant associations detected between PM2.5 exposure and onset of hemorrhagic stroke. The association of PM2.5 and risk for the stroke of any type was modified by age group (p = 0.03), and the association of PM2.5 and risk for non-hemorrhagic stroke was modified by sex (p = 0.09), race (p = 0.09) and age group (p = 0.06). Adjusted odds ratios and 95% CIs for the odds of stroke of P a g e | 11 any type, and by stroke subtype, for PM2.5 exposure on the day of stroke and lag days 1-5 and associated cumulative lag days are shown in Table 2 .
PM 2.5 and Infarct or TIA; effect modification by age:
We found a significant association between exposure to PM2.5 and non-hemorrhagic stroke for patients greater than 65 years of age, for lag day 2, with aOR of 1.16 (1.05, 1.28), and lag day 3, with aOR of 1.15 (1.04, 1.27). Cumulative lag days 0-1 for age greater than 65 had aOR of 1.12 (1.01, 1.26), increasing to 1.24 (1.06, 1.45) for cumulative lag days 0-5. These associations were not seen for patients with age <65 years. Adjusted odds ratios and 95% CIs for the odds of nonhemorrhagic stroke by age group for PM2.5 exposure on the day of stroke and 1-5 lag days and the associated cumulative lag days are shown in Table 3 and Figures 1 and 2 .
PM 2.5 and Infarct or TIA; association by sex:
We found that at lag days 3, 4 and 5, there were significant associations between exposure to PM2.5 and non-hemorrhagic stroke for male patients, with aORs of 1.18 (1.05, 1.34), 1.15 (1.01, 1.30), and 1.13 (1.01, 1.27), respectively. No single lag day was significant for females. For cumulative lag days, we found a significant association between exposure to PM2.5 and non-hemorrhagic stroke for males for cumulative lag days 0-2, with aOR 1.17 (1.01, 1.36), increasing to 1.30 (1.09, 1.56) for cumulative lag days 0-5. For females, significance was found for cumulative lag days 0-2 with aOR 1.18 (1.04, 1.35) and for cumulative lag days 0-5 with aOR 1.17 (1.00, 1.38). Model results for the aORs of stroke for PM2.5 exposure with 0-5 day lag and cumulative lag days for non-hemorrhagic stroke by sex are shown in Table 3 and Figures 1 and 2 . P a g e | 12
PM 2.5 and Infarct or TIA; association by race:
We found a significant association between exposure to PM2.5 and non-hemorrhagic stroke for patients of white race for lag day 3, with aOR of 1.12 (1.02, 1.23). Cumulative lag days 0-2 for white patients had an aOR of 1. 16 (1.04, 1.31) , and for 0-4 cumulative days the aOR was 1.20 (1.0, 1.38). Only lag day 5 was significant for black non-hemorrhagic stroke patients, with aOR of 1.21 (1.02, 1.43). For cumulative lag days 0-2 the aOR was 1.24 (1.01, 1.52), increasing to 1.38 (1.07, 1.78) for cumulative lag days 0-5. These results are shown in Table 3 and Figures 1 and 2 .
Discussion:
In this Greater Cincinnati Northern Kentucky Stroke Study (GCNKSS) study, we found that increased ambient PM2.5 concentration within 3 days before stroke onset were positively associated with overall stroke and for non-hemorrhagic (Infarct, Transient Ischemic Attack (TIA)) stroke subtype, generally consistent with prior studies. 26 We did not observe an association with hemorrhagic (intracerebral hemorrhage (ICH), subarachnoid hemorrhage (SAH)) stroke, which is also consistent with prior studies. 30 However the latter could be due to lack of power.
In recent studies, the relationship between particulate matter (PM2.5) and cardiovascular disease has been examined; PM2.5 was shown to be associated with hospital admission for cardiovascular disease; 2,3,4 and with hospital admission for first ischemic stroke; 6,10,37 . However, others did not find any association between air pollution and the risk of acute ischemic stroke 15, 16 . In our study, we found evidence of an association between PM2.5 and stroke, in particular for non-hemorrhagic stroke, infarct or TIA. Short-term exposure to PM2.5 was significantly associated with stroke, adjusted for temperature, relative humidity, presence of a holiday, the day of the week, and P a g e | 13 seasonality of stroke events. However, the association between short-term exposure to PM2.5 and risk of stroke remains controversial and apparent discrepancies may partly be caused by ambiguities in the timing of stroke onset, given that most studies analyzed administrative data that contained information on a hospital visit, admission, or mortality, but not necessarily time of stroke onset. 39 Variation in PM2.5 concentration, sources or component of PM2.5 and measurement of lag time may also contribute to apparent differences. 22 It is important to figure out the most health-relevant sources of PM2.5, both from the scientific standpoint and the regulatory perspective. 22, 32, 34 Association between source-specific exposure and health effect plays an important role in protection of public health as well as providing information to aid in development of policy. 32, 33 One study demonstrated the ultrastructural effect of exposure to sulfate (SO2) in air pollution on the respiratory system, 41 and another evaluated the impact of climate and nitrate (NO2) on prevalence of asthma. 42 The effect of source-specific particulate matter on health has been documented, 22 ,35 as has the differential effect of source-specific particulate matter on emergency hospital utilization. 36 The health effect of short-term exposure to source-specific particles has been shown, 43 and others examined the effect of source-specific fine particulate air pollution on stroke 30 and heart disease. 4, 6, 12, 17 Several studies highlighted the differential toxicities of fine particulate matter from various sources 22, 35 and clustered air pollution monitoring sites. 31 Studies to identify PM2.5 components or sources most relevant to stroke onset, mortality, and morbidity are needed. 27, 32 There are several strengths of our study.. First, our PM2.5 model is based on satellite-derived measurements of aerosol optical depth (AOD), a measure of the scattering of electromagnetic radiation due to aerosols in the atmosphere. These measurements were calibrated using groundbased PM2.5 monitoring and meteorological and land use data. Thus the results likely reflect the P a g e | 14
most accurately available estimate of exposure of PM2.5 on the population in the study area.
Second, we examined whether the association of stroke onset differed across stroke subtype, age, sex, and race. In this study, we found a significant interaction effect of age, sex, and race on the risk of stroke, which aids in addressing the limitations of previous studies. 24, 30 According to the Clean Air Act and Air Quality Index, 4, 9 the source of particles associated with air pollution needs to be identified for future strategic plans to control the health-related adverse effects. However, the source of air pollutants differs across location and time. Identifying the relationship between strokes and exposure together with identification of PM2.5 concentration is of public health and regulatory interest. 17, 18, 23 According to the EPA the recommended NAAQS Adjusted odds ratios and 95% CI for the likelihood of stroke given PM2.5 exposure at 0 (case day) to 5 day lag by subgroup A) stroke subtype, and odds ratios and 95% CI for the likelihood of non-hemorrhagic stroke for subgroups B) age, C) sex and D) race. Figure 2 : Adjusted odds ratios and 95% CI for the likelihood of stroke given PM2.5 exposure for cumulative lag days (where 5 represents an accumulation from lag day 5 to day of stroke) by subgroup A) stroke subtype, and odds ratios and 95% CI for the likelihood of non-hemorrhagic stroke for subgroups B) age, C) sex and D) race. P a g e | 23 
